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Section 1

ABSTRACT

A series of experiments was condnntad to ovaluate 2 mode! that
predicts iine-of-sight (LOS) propagation loss over partially
illuminated terrain. Height-gain measurements were made at the
receiver for anumber of paths of varying irregularity, roughness,
and vegetation cover. The measurements indicate that two regions
must be recognized: the first, below 500 Mc, where specular
effects are predominant and the specular reflection coefficient
varies from approximately 0.20 to unity, and the second, above
500 Me, where both the specular and the diffuse cecmponents must
be considered and where hoth the specular and the diffuse reflection
coefficients generally range from 0. 20 to 0.40. Appropriate
changes have been made in the original LOS model to reflect more
accurately the propagation effects in these two regions over the
frequency range of interest: 40 Mc to 20 Ge.
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Section 2

INTRODUCTION

A signal-environment model was developed at EDL to predict the signal
strength at a receiver located up to 15 kilometers behind the FEBA (forward edge
of the battle area) vhen the transmitter lies anywhere wi‘hin a typical tactical divi-
sion. This work is reported in EDL document EDL-M768 entitled ""A Computer
Model for the Simulation of Tactical Signal Environments. " . The model processes
the deployment and characteristics of the transmitter, the terrain features, and
possible propagation modes to determine signal strengths forfrequencies within the
range 40 Mc to 20 Ge. It provides a means to define, rapidly, EW (electronic war-
fare) systems requirements and to evaluate EW systems in a tactical signal

environment.

Propagation modes were characterized under the general headings of line-
of-sight (LOS) conditions and non-line-of-sight (NLOS) conditions. For those modes
falling within the latter category (diffraction and tropospheric scatter), models
developed at the National Bureau of Standards (NBS) ‘vere used to predict. path loss.
For the LOS conditions expected, no model considered suitable was available. The
typical situation encountered for this mode of propagation involves very small
grazing angles and only partial illumination of the reflecting surface. Most LOS
models available are based on uniform illumination of the surface and involve some

a
)

form of statistical description 4of that surface and, consequently, are not appli-

cable to this study.

An LOS model wars developed and reported in EDL-768 that allows determin-
ationof the propagation loss as a function of the total power scattered by the reflecting
surfiace. The utility of the model is that the determination of this scattered power is
a relatively simpie process, nan.ely: 1) geometrical constructionstofindthe angle of
incidence to each of the reflecting segments, 2)determination of the reflection coeffi-

cient for each segment, using experimental curves that plot the reflection coefficient

1. See list of references in Section 10.
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as a function of the angle of incidence for the types of terrains encountered, and

3) summing the scattered power froin each segment over all the reflecting segments.

An experimental program was designed to test the model. The results of
the program are discussed in detail in this report. Eleven paths in the area, of vary-
ing irregularity, roughness, andvegetation cover, were selected for measurements of
path loss. A frequency range of 100 to 10,000 Mc was chosen for this initial study.
Continuous height-gain curves were plotted for each freguency-path combiration to

observe any reflection coefficient variations.

The major findings of this program indicate that tvio distinct frequency
regions cxit: the first, below about 500 Mc, where specular reflection is the dominant
scattering mode and the second, above 500 Mc, where the scattering is a result of
both specular and diffuse modes. Accordingly, appropriate revisions were made in

the original theoretical model to incorporate these effects.

The automation of the LOS and NLOS models, with the necessary revisions
incorporated in both the models, is discussed in EDL-M879, entitled "Automated

Signal Environment Model: Revised Capabilities. nd
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Section 3

REVIEW OF INITIAL LOS MODEL FORMULATION

The field scattered by a rough surface can, in general, be considered
the sum of two components: a specular component and a diffuse component.
The specular component is a reflection of the same type as is caused by a smooth
surface; it is directional and obeys the laws of geometrical optics. Its phase is
coherent, and it is the result of the radiation of points on the Fresnel ellipses.
Diffuse scattering is a phenomenon that has little directivity and consequently
takes place over a much larger area than the first I'resnel zone. Its phase is
incoherent. Because the terrain encountered in this study generally had exten-
sive vegetation growth (grass and trees), normally resulting in a greatly dimin-

ished specular component, a major assumption in the model was

a. diffuse reflection is the predominant mode of scattering,
with specular reflection providing only a second-order

effect.

Two other important assumptions were made. These were

b. for the frequency range 40-20, 000 Mc, the reflection coefficient

is frequency independent, and

(8 for a given angle of incidence, the reflection coefficient is

constant for terrain up to 125 meters in extent.

The portions of the surface capable of supporting direct reflection from
transmitter to receiver were found and divided into segments up to 125 meters, and
the angle of incidence from the transmitter to each segment was determined. I'rom
experimental curves of Sherwood and Ginzton,6 the reflection coefficient was found

as a function of angle of incidence, terrain cover, and polarization,
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3. --Continued

The total scattered field at the receiver, due to the segments, is

' § J.(Dls:
E - E p e , (1)
S K1 k "k
where
m - the number of segments,
E - the amplitude of the wave incident on the kth segment,

k - the magnitude of the reflection coefficient from the kth segment, and

Pk = the phase of the reflection coefficient from the kth

segment, given by

where A is the wavelength and Ar, is the path length difference between direct and

k

reflected wave.

With diffuse scattering predominant, the phase of the reflected
wave from any segment, k, can take on any value in the range -mton
with equal probability. Thew, areuniformly distributed, and the resultant
scattered field amplitude, Es’ takes on a Rayleigh distribution.

If X and Y are the quadrature components of ES. their variance may be

written

B A § 2 .2 P
D{“} A A o 2)
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--Continued
Rice studied the distribution of a constant vector and a Rayleigh vector

- .
[

with variance as given above. In terms of

he found the probability distribution of the amplitude of the resultant field at the

receiver to he

) )
IE E” + E;) ‘_’th
P(E) = = exp |- 5 I | — (4)
E- E” °\ E° /°
1 1 1

where
E = the amplitude of the resultant field
= the amplitude of the direct wave and

E
0

2E E
IO< 2 >— a modified Bessel function, expressed as

- =

Ll

m
ur 1
IO (x) = JO (jx) ;-/(‘) exp (x cos B8) dB.

The probability that the resultant amplitude exceeds some value, E, is

< ‘)
& B e E“) 2E E
() (
P|E'~ E _/-‘-“-E.:—exp - - oh ©_|4E . (5)
2 2 0 2
E E E’. E
1 i 1
—6_
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3. --Continued

Equation (5) has been solved by Norton, Vogler et al.8 for R, the resultant amplitude

(in db) relative to EU 8

R - 20 log,, (E§L> (6)
0

For the probabilities [E "> E ] =0.1, 0.5, 0.9 and with K = El/Eo’ the

E
resultant amplitude above the constant component for k = 20 log10 (E—l) >0, is
o

R(.1) - K+ 3.6 + 4.34/k> - 2.50/k> + . . . 7)
R(0.5) - K 1.6 + 4.34/k> - 0.752/k> + . . . (8)
R(0.9) - K -9.8 + 4.34/k> - 0.114/k> + . . . 9)

E,\

and for k = 20 log, . _)< 0 is
E
O
2 3

R(0.1) = 7.87 k - 1.39 k* - 0.797 k* + . . . (10)
(0.5 - 217 k° - 0.362 k ¥4 . . . (11)
R(0.9 7.87 k- 1.39 k% + 0.797 kS « . . . (12)

The resultant amplitude above the constant component is then subtracted from the

basic transmission loss, L, to find the LOS propagation path loss, L:

B’

L@ =L, - R (P). (13)

B
The basic transmission loss (in db) is

4nd 2
Lg = 10 log (=57)" (14)

where d is antenna separation and A is free-space wavelength. Substituting the values

for the constants, LB becomes (expressed in db)

Lg - 36.6 + 20log, d . + 2010g10f (15)

B me’

-7-
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3. --Continued
where
dm‘ - antenna separution in miles
4
fmc - frequency in m~gacycles.

The LB in Equation (15) repra:ents the signal loss between any two isotropic
sources. Where directional antennas arc¢ used, their respective gain along the path in
question must be subtracted from the basi: loss. This new loss value, as derived in

Equation (16), represents the "effective' or "apparent' loss.

4nd 2
Leff— 10 log ( : ) -GT-GR+D
:IJB-GT-GR+D
‘) i - - L )
36.6 + 20 loglodmi 20 logmfmC GrT (_IR + D, (16)
where
L - effective RF loss
eff
LB basic transmission loss
GT gain of the transmitting antenna along the path in question
GrR = gain of the receiving antenna along the path in question
D combined cable, mismatch, and reflector losses where
these are known.
The procedure for determining the LOS propagation loss, then, is as
follows.

1. Compute the amplitude of the field at the receiving antenna

due to the direct ray.
2. Determine the reflection segments.,

3. Compute the angle of incidence to each segment.

-8 -
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--Continued

4. Determine the reflection coefficient from the empirical
reflection coefficient curves.

o= Compute the amplitude of the field reflected from each
segment, and then the power.

6. Sum the reflected powers.

7. Compute the desired R(0.1), R(0.5), or R(0.9) from Equations (7),
(8), and (9) or Equations (10). (11), and (12).

8. Subtract R(P) from Leff to find the LOS propagation loss,

L(P).

9-
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Section 4

EXPERIMENTAL PROGRAM

To test the applicability of the LOS model, a series of propagation loss
measurements were made over paths in the San Francisco Bay area at 120, 350, 750,
1000, 3000, 7500, and 10,000 Mc. Eleven different paths were selected, ranging
from 15,400 to 40,100 feet. Six of the paths (1, 1A, 2, 3, 4, 5) had a dense vegeta-
tion covering in the form of shrubs and trees; three paths ( 6, 7, 8) had a sparse
vegetation covering with grass and a few trees; and two paths ( 9 and 10) were prac-
tically vegetation-frce. Paths 1 through 8 were rough, with only portions of the
surface illuminated by the transmitted signal; paths 9 and 10 were essentially flat
and were added to provide comparative results, as complete surface illumination
was possible. Elevation-versus-length plots for the paths are shown in Figures la

through 1j, and path data are given in Table 1.

For paths 1 through 6 (1, 1A, 2, 3, 4, 5, 6), four sets of measurements
were made for each path: two with the transmitting antenna elevated 20 feet above
the ground and two with the transmitting antenna 10 feet above the ground
(Figure 2). For paths 7 through 10, three sets of measurements were made: two
with the transmitting antenna at 20 feet, one with the transmitting antenna at 10 feet.
In each case, the receiving antenna was mounted on a 24-foot mast allowing continu-
ous recording of the received field from 10 to 34 feet above the ground (Figure 3).
A synchro sensor was attached to the motor driving the receiver antenna platform,
and thc output of both the sensor and the receiver IF was fed into a rectangular an-
tenna pattern recorder to provide a height-gain curve over the 24-foot run
(Figure 4). At thc end of each run, the receiving mixer, which was attached directly
to the receiving antenna, was connected to a calibrated signal source tuned to the
measured frequency. The calibrated signal level was then adjusted to some level on
the measured height-gain curve, which was then marked on the recorder chart so the
magnitude of the rcceived signal could be read directly from the chart in dbm
(decibels with respect to one milliwatt). For each curve, the maximum, minimum,
and mean signal loss valucs were determined. The resultant loss (or gain) with
respect to free-space loss was then calculated. A typical data sheet is shown in

Figure 5.
2 -10-
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Figure 2. ‘fransmitting Site.
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Receiving Site, Antenna Configuration.

Figure 3.
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Figure 4. Receiving Site, Receivor : 4 Recorder,
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PATH 1A RUN 20 XMTR LOCATION 1A
DATE_ 5 17 65 - g 1630 RCVR LOCATION_Biclowski
XMTR HEIGHT WEATHER__Fair winp_ Calm
GROUND__Drv FOG____
Freq. | Basic [Pwr. Ou Signal Mcasured Power Total Loss A Loss Total
Loss Level (dbm) (dh) Antenna
(M¢) (db) (dbm) (dbm) Gain
E H E H E H
S e max. 8.7 59.9 101.1 | 102.3 12.4 | 13.6
120 | n5.67 min, 63,3 Gl 105.7 | 114, 17.0 | 26,1 !
S0 av. 39.9 R 102.3 | 107.1 13.6 | 18.4
max. 63. 4 65.3 117.6 [ 119.5 19.6 | 21.5
W0 [ et B min, 69.5 88.3 1237 | 2. 5 25.7 | 445 11.2
e G2 25, ¢ 2 : 22.14 | 25
10N HISH pﬁ._ 25.9 » 120.4 1 123.1 22,11 25.1
may. 52 T 2.0 111.1 | 110.1 6.0 3.9
. 350 E
w0 | og e |0 E min. 39.0 61.2 117.4 | 119.6 12.3 [ 15.0] 20,1
35.0 1 A 55..2 s 2 113.6 | 113.6 9.0 { 9.0
L max. 33.6 53. 6 114.6 | 112.6 7.6 5.6
1000 [107.09 min. 61.2 59.9 120.2 | 118.9 13.2 | 11.9) 22,0
37.0 11 av. 57.8 56.8 116.5 | 115.8 9.8 | 8.8
oG B max. 64,2 64,4 123.8 1124.0 Tal | T8
3000 116,67 min. 68. 4 70.0 128.0 | 129.6 11.3 [ 12.9] 33.0
26.6 11 a 66. 7 67.5 126.3 | 127.1 9.6 | 10,4
=P = max. 35. 8 54,2 120.6 [ 119.0 -1.0 | -5.6
7500 [124.61 min. 63.2 64.0 125.0 [ 128.8 3.l (B2 445
20L3 M av. 59. 1 58.2 123.9 | 123.0 0.7 | -1.6
E max.
10,000 |127.71 min. 15. 4
H av
|
RIEMARKS:

. Vertical Polarization

I ilorizontal Polarization

Figure 5. Sample Data Sheet
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4. --Continued

At 100 Mc, half-wave dipoles (gain approximately 2 db) were used at
transmitter and receiver; at 350 Mc, a half-wave dipole was used at the receiver,
while a log-periodic antenna (gain approximately 8 db) was used at the transmitter;
for the 750-3000 Mc range, ridged horns were used at transmitter and receiver
(gain ranging from 10 to 16 db); and for 7500 and 10,000 Mc, X-band horns were
used (gain of 22 and 25 db). These antenna gains were checked beth before and after

the field tests to ensure +1db overall accuracy.
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Section 5

DATA INTERPRETATION, REFLECTION COEFFICIENT

5.1 Specular and Diffuse Refleetion Coefficients.

In the general case. the field measured wkile the receiving antenna is
raised will eontain two components: 1) a slowly varying sinusoid (i.e., large
period) resulting from the interference of the direct wave, EO, with the specularly
reflected wave Eg, and 2) a rapidly varying sinusoid (small period) resulting

from the interference of the diffuse component Ej with the resultant E | + Eg.

5, L. 1 Specular Component.

To determine the magnitude of thc specular reflection coefficient, it
wius neeessary to raise the receiver through at least one full period of field
variation in the vertical plane. [If Ep and E , are the maximum and minimum
ficld valucs, respeetively, over the period, the magnitude of thc specular re-

fleetion coeffieient.p, is expressed as

E P/ Fm 7 ]
2 EM/Em o B

The period, P, for a transmitting antenna at height hT located at some distance, d,

from the receiving antenna, is

Ad
—211’1‘ : (17)

The 24-foot height variation at the receiver allowed measurement of
full pcriods or apprecciable parts of periods for frequencies of 750 Mc and above.

Accordingly. accurate measurements of ps could be made over the interval
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5.1.1 --Continued

750 to 10,000 Me. At the two lower frequeneies, only small pertions of periods
could he observed and, therefore, only estimates could be made as to the range

of values for dg-

5.1.1.1 750-10,000 Mec.

For the rough surfaces (paths 1 through 8), a spccular component could
be observed for cssentially all paths. The surfaees with heavy vegetation (paths 1
through 5) appeared to have specular reflection coefficients of the same magnitude
as. or even larger than, the less dense paths (6 through 8), although the magnitude
of p, was always small. Figurc 6 shows the spccular component for a variety of
paths. [t can be scen that, for the cases illustrated. the specular reflcetion coef-
ficient, ps , is never greater than 0. 3 (maximum to minimum variation of 5 db).
cxeept for path' 2 where P approaches 0.5. Table 2 presents the results in a
slightly different form. Here path differenec between direet and reflected wave
(from thc highest point of the surface near the center of the first Fresncl zone) is

compared with the magnitude of the spccular refleetion coefficient.

Table 2. Path Differenece Versus Specular Reflection Coefficient

Path Path Difference Frequeney Speculqr‘Reﬂection
(Me) Coefficient, pg
1A 2.95 3000 0.23
2 8.90 7500 0.50
4 40. 00 3000 0.30
8 3.90 3000 0.15

One would expect that inercasing the path differenee would result in the surface
appearing rougher and in a drop in the valuc of Py however, this effect does not
appear in the table. No apparent trend, :clating Py to either density of vegeta-

tion or path differenee between divcet and reflected wave, is cvident.

At these higher frequeneies. little difference between the values of the
speeular reflection eoeffieient was noted for the smouth, vegetation-{ree paths

(9 and 10). Figure 7 shows typical results for these two paths. For path 9,
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Figure 6a. Specular Component for Path 1A.
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Figure 6b. Specular Component for Path 2.
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Figure 6¢c. Specular Component for Path 4.
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Figure ¢d. Specular Component for Path 6.
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PATH /
3000 MC
HORIZONTAL POLARITY
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=
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1 |

10 RECEIVER HEIGHT -- FEET 34

Figure 6e. Specular Component for Path 7.
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Figure 6f. Specular Component for Path 8.
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Figure Th. Specular Component for Smooth Path 10.
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5.1.1.1 --Continued

y cquals 9,30, while for path 10. oy 1s about 0. 23. These values are approxi-
mately equal to those observed on paths 1A and 4, paths whieh are very rough. Thus
at the higher frequencies, all paths regardless of roughness or irregularity appear
"rough, " with values of OS tenuing to eluster between 0. 20 and 0. 30, and almost

always less than 0. 5.

5.1.1.2 100-350 Me.

At these frequeneies, the magnitude of the specular refleetion eoefficient
is large. The fluetuations in the speeular field result in nulls in the gain-height
curve whose depths regularly range from 10 to 20 db over most paths. These fluctua-
tions may arise from variation of the vertical gradient of the atmospherie index of
refraction or multipath effeets in the atmosphere. Examples of the types of nulls
eneountered are shown in Figure 8 for a path with dense vegetation (path 1A) and one
with sparse vegetation (path 6). Table 3 gives the null depth for vertieal and

horizontal polarization for 100 and 350 Mc for the rough paths.

Table 3. Null Depth Versus Frequeney for the Rough Paths.

160 Me 350 Mc
Path Vertical Horizontal Vertical Horizontal

(db) (db) (db) (db}
; . 12 11 9
1A 6 13 6 %
2 7 6 : !
3 11 16 12 J
4 9 18 13 11
5 11 5 10 1o
a * * 3.5 22
7 * * 10 T
. - % 29 20

* Measurements at 100 Me are not possible over these paths due to heavy
interference.




EDL-M878

uone}odo\ asaedg sSnsaIo) osud([
Yim syjeq 103 sjuouodwo) aenoodg jo
uosrredwo) ur uonelodoy asaeds ‘9 Y1e g

‘(|8 0andr.|

e 1334 -- LHOI3H Y3AI13339 0}
I T Ot
0¢
NOILY214v10d

1VINOZ | 4OH

M 0SE

9 H1vd
wr> \\/ 02

[~ 80 0°69 "43d

\

Gl

80 -- Y3IMOd IAILYIIY

uo1jelodu,, osaedg snsidp ssud(g
JIa syyed aoj sjuouodwol aeinoadg jo

uostaedwo) ur uorje}odo A asuog ‘VI yied

he 1334 -- 1HII13H 43A1323¥ Ol

| T
_
|
m

|
- 80 S0/ ‘439 {
NG I LYZ14Y104d

TVLNOZI¥OH
oM 0SE
Vi Hlvd

*gQ 9angrg

0}y
¢ = :
5 %
5
m
0
(en)
=
m
o
1
1
[ww )
0¢ ©@
Ol




378

EDL-M878

5.1.1.2 --Continued

Of interest is the fact that the magnitude of the nulls does not always corre-
late with the mugnitude of the specular reflection coefficient measured at the higher
frequencies. Path 8, which showed a 'Os of 0.15 at 3.0 Ge, exhihited nulls of over
20 db at 35C Mc (Figurc 9), while puth 2, which indicated a specular reflection co-

cfficient of about 0.50 at 7.5 Ge, showed variation of only 7 db at 350 Mc (Figurc 10).

The null depths observed for horizontal polarization arc. in generul, more
severe than for vertical. as is to be expected with the reflection cocfficient being
somcwhat greater for horizontal polarization than for vertical polarization. The
actual value of the reflection coefficient for the two polarizations could not be deter-
minea because of limitations on recciver height variation, but the deep nulls indicate

values well in exeess of 0. 50.

or: Lo Diffuse Component, 750 - 10,000 Mc.

The variations of the rapidly oscillating component could .c reaaily ob-
scrved over this entire frequency interval. The magnitude of thesc oscillations in
gencral decreases as the frequency increases. A typical cxample is shown in Fig-
ure 11 for path 1A wherc height-gain curves are shown for frequencies from 750 to
7500 Mc. The mugnitude of the reflection coefficient for the rapidly oscillating
component, hereafter called diffuse. varies from a maximnum of 0. 30 at 750 Mc to
0.13 at 7500 Mc. For the other rough paths, the diffuse reflcction coefficient, Pq
rarely exceeds 0.50. Table 4 indicates how 0y varies with path and frequency.

An exception to the general case occurs for path 3 when the reﬂection. coefficient in-

creascs with increcusing frequency; this is shown in Figure 12.

One may consider the fluctuations of the specular ficld to tend to become
Rayleigh-distributed as the magnitude of the reflection cocfficient gets smaller, i.c.,
to fluctuate in the sume manncer as the diffuse component. Thus, what is referred io
as the diffuse component also contains the variations of the specular component. The
individual contributions of the specular and diffuse fluctuations to the rapidly escillating

compenent of the field is unknown,
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350 Mc, Horizontal Polarization.
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Figure 10. Specular Component for Path 2 at 350 Mc¢, Horizontal Polarization.
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Figure 11a.

Diffuse Component

— 37—

for Path 1A, 750 Mc Vertical.




EDIL-NMS78
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Figure 11b. Diffuse Component for Path 1A, 750 Mc Horizontal.
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Figure 11e. Diffuse Component for Path 1A, 1000 Mc Vertical.
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Figure 11d. Diffuse Component for Path 1A, 1000 Mc Horizontal.
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Figure 11lc¢. Diffuse Component for Path 1A, 3000 Mc Horizontal.
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Figurce lig. Diffuse Component for Path 1A, 7500 Mc Horizontal.
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Figure 12b.

Diffuse Component Path 3, Reflection Coefficient Variation
as a I'unction of Frequency, 1 Gec Horizontal
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Diffuse Component Path 3, Reflection Coefficient Variation
as a [Function of Frequency, 3 Gec Vertical
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Figure 12d. Diffuse Component Path 3, Reflection Coefficient Variation
as a I'unction of IFrequency, 3 Gc Horizontal

20 =
. REF, 60.0 DB —
(]
' m
]
EJ 30 ! |
L 1
S ! PATH 3
7.5 GC
‘; VERTICAL
: j PQIARIZATION
3 F
il
4o ! \ 1
10 RECEIVER HEIGHT -- FEET 3k

Figure 12e.

Diffuse Component Path 3, Reflection Coefficient Variation
as a Function ¢f Frequency, 7.5 Gc Vertical
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Figure 12f. Diffusec Component Path 3, Reflection Coefficient Variation
as a Function of Frequency, 7.5 Gc Horizontal

Table 4. Path and Frequency Variution of Py

Path Frequency °q Variation of Pq
(Mc)
1 750 to 7500 .50 to 0.23 Gradual drop with increasing frequency
3000 0.17 Sharp drop at this point
1A 750-10,000 .43 to0 0. 20 Continual dccrease with increasing frequency
2 750-10, 000 .30 to 0.50 Large at all frequencies, no trend
3 3000 and 7500 .60 to 0.20 Larger at higher two frequencies
750 and 1000
4 750-10, 000 .40 to 0.20 Gardual decrease with incres sing frequency
5 750 .17 to 0.11 Maximun: at this frequency
Small at all frequencies
6 750-10,000 .20 t0 0.10 Small at all frequencics
Decreases with increasing frequcncy
i 750-10, 000 Decreascs with increasing frequency
8 750-10.000 .20t00.10 Small at all frequencies
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Section 6

DATA INTERPRETATION, PROPAGATION LOSS

The results of the measurements are presented in several forms. Figure 13
plots the average of the runs tor each path, showing maximum, minimum, and mean
loss (with respect to effective free-spaee loss) as a function of distance for each
frequeney.  Vertical and horizontal polarization are plotted on the same curve for a
given frequency.  No difference in these results is apparent for the two transmitter
heights.  Path 1 (18,000 feet), path 1A (16,800 feet), and path 2 (15,5060 feet), all with
small grazing angle and dense vegetation, usually show loss greater than the mean, M,
for the group as a whole.  The range from maximum to minimum (i. e., the magnitude
of the oseillations) is about the same for these paths as for the others. Paths 3 through
3 and 10 show little difference in mean loss above effeetive Iree-space loss, while path 9
generally has less loss than the group average. The average loss for a given frequency
above effecetive free-spacee loss varies so little over the various distances that it may

be considered independent of path length.

Figures 14 and 1& show path loss as a funetion of frequeney for each of the
paths: Figure 14 considers vertical polarization and Figure 15 horizontal polarization.
For frequencies of 750 Me and above for both polarizations, the average loss above
effeetive free-space loss decreases with inereasing frequency. At 750 Me the average
loss ahove cffective free-spaee loss is about 8 db, while at 10,000 Mc thcre is a gain
of about 5 db. At 100 Me the average loss is greater than 10 db, while at 300 Mc the
average loss approaehes 20 db above effeetive free-spaece loss. The decrease in loss
for the paths with little vegetation is more pronounced than for those with dense
growth, although it is present for the latter paths also. The unusually large loss at

300 Mc is present for ail paths, but its cause is not yet understood.

Figure 16 gives a plot of the mean and standard deviation for the averagc
loss for all paths as a function of frequency. The trends indicated in Figurcs 14 and
15 are more readily seen, Liitle difference ean be observed in Figure 16 between

horizontal and vertieal polarization ai the frequeney exeeeds 750 Mc.
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Figure 15a. Path Loss as a Function of Frequency for Each of the Paths,
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Section 7

EXPERIMENTAL RESULTS AND MODEL CHANGES

The experiments have shown that, independent of the kind of path, the fol-

lowing effects generally occur.

a. Specular reflection is present at all frequencies, and it predomi-

nates at low frequencies.

b. The specular and diffuse reflection coefficients decrease with

increasing frequency.

c. For a given frequency, LOS propagation loss with respect to

effective free-space loss is independent of path length.

d. For frequencies above 350 Mc, propagation loss above effective

free-space loss decreases with increasing frequency.

The original model contained no provision for incorporating the effects of
specular reflection, nor was the diffuse reflection coefficient assumed to have a
frequency dependence. Moreover, since the number of scatterers was determined by
geometrical means and was independent of frequency, no way of indicating a decrease
in average loss as the frequency increases was inherent in the model. Suitable
modifications must therefore be made in the model to incorporate the four above
effects.

7.1 Reflection Coefficient.

7.1.1 Specular Reflection at 500 Mc and Above.

At the higher frequencies (3000, 7500, and 10,000 Mc), the values of the
specular reflection coefficient tend to approach 0.20. Although a full period could not
always be examined at 750 and 1000 Mc, it appears that g does not greatly exceed
0.35. This can be seen from the fact that, of the portions of periods observed at these
frequencies for all the paths, the variation of the specular component rarely exceeds

6 or 7 db. The following values are used for Py independent of path and polarization.
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7.1.1 --Continued
Frequency 0
(Mc) S
500 - 800 0.35
800 - 2000 0.27
2000 - 20,000 0.20

7.1.2 Specular Reflection Below 500 Mc.

Values of ps will be expected to range from 0. 50 to approximately 1.00 at
these frequencies, d:pending on terrain and angle of incidence. Sherwood and
Ginzton's curves6 for harrowed field (slight vegetation) and rolling field (heavy vege-

tation) are used to determine the magnitude of the reflection coefficient.

7.1.3 Diffuse Reflection at 500 Mc and Above.

The diffuse reflection coefficient, containing the varying parts of diffuse
and specular components, both assumed to be Rayleigh distributed, are assigned

values corresponding to the experimental results; p . takes on the following

d
values, independent of path and polarization.
Frequency 0
(Mc) d
500 - 800 0.37
800 - 2000 0.30
2000 - 20,000 0.23

7.1.4 Diffuse Reflection Below 500 Mc.

At frequencies below 500 Mc, it is assumed that the diffuse component is
negligible.

7.2 Variation of the Number of Scatterers with Frequency Above 500 Mc Only.

The measurements have indicated that the mean loss, with respect to free-

space loss, decreases with increasing frequency. Since the diffuse ccmponent is taken
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7.2 --Continued

as Rayleigh distributed, the total diffuse scattered power, normalized to the direct
wave, increases with frequency. The diffuse reflection coefficient observed in the
experiments tended to decrease with frequency and, therefore, retention of the basic
model necessitates an increase in the number of scatterers as the frequency in-
creases. Assume the requirements for a scatterer are (1) a surface of dimension,

¢ such that Y >> A and (2) a linear relation between the scatterer size and the
wavelength (e.g., v =100 ) ). If a particular shape for a scatter is selected, much
more complicated expressions can be shown to exist. 1C However, little would be
gained by incorporating such complexity into the model, for the true ''shape' of a

scattercr will almost always be unknown.

The criwerion for the number of scatterers along a reflecting surface will

be taken as one scatterer per 100 A of surface extent for a given segment.
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Section 8

MODEL FOR DETERMINING LOS PROPAGATION LOSS

8.1 Below 500 Mc (Specular Reflecticn Predominant Mode*).

The following procedure is used tc determine LOS propagation loss below
500 Mc.

a. Compute the amplitude of the field, Eo, at the receiving antenna due

to the direct wave.

b. Determine all segments of the surface capable of reflecting directly
from transmitting antenna to receiving antenna. Maximum segment

size is 125 meters.

€: Compute the angle of incidence to each segment, such that the angle

of incidence equals the angle of reflection.

d. Determine the reflection coefficient as a function of the angle of
incidence, polarization, and terrain cover, from the empirical

curves of Sherwood and Ginzton.6

e. Determine the amplitude of the resultant field at the receiver, E,

by vectorially adding the direct wave and the reflected waves:
j(ﬂk

m
E = IEO s kzzlpSk E e ; (18)

where psk is the magnitude of the specular reflection coefficient

from the kth segment.

*The deep nulls, which must be expected when specular reflection predominates, can-
not be incorporated into the model. Variations in magnitude of up to 20 db about the
calculated value must be expected to occasionally arise.
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8.1 --Continued
E. Compute propagation loss.
‘L= L .. - 20log B (19)
T Teff 10 Eo
o\
1 ) ¥k
= Lopa - & =3 P
et ~ 20 10g10< E, B g: e
(20)
- D) - -
L= 36.6 + 20 loglodmi + 20 log10 fmc GT GR +D
1 1y
- 5 2
20 log10< E, IEo + l’z:pSkEoe |> : (21)
8.2 Above 500 Mc (Specular and Diffuse Reflection Considered).
To determine LOS propagation loss above 500 Mc, employ the following
procedure.

a. Compute the amplitude of the field, Eo’ at the receiving antenna due

to the direct wave.

b. Determine all segments of the surface capable of reflecting directly
from transmitting antenna to receiving antenna. Maximum (spec-

ular) segment size is 125 meters.

[ Select from the experimental curves of Sherwood and Ginzton, the
curve with vegetation cover most similar to the surface under

consideration.

d. Determine the relative ampilitude of the reflection coefficient for
each segment by normalizing to that segment with the 1argest reflec-

tion coefficient.
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--Continued

e.

Sum the reflected waves vectorially to determine the phase, ¢,
of the resultaiit specular wave. This is the phase difference between

the direct wave and the resultant specular wave.

Select the appropriate value for the magnitude of the specular reflec-
tion coefficient from paragraph 7.1.1, giving values of ps versus

frequency.

Obtain the amplitude of the resultant specular component, E, by
adding (vectorially) the direct wave, EC, and the resultant scattered

wave, P E eJ(p; that is,
s o

_ Joy . 22
E = E0+ pSEoe (22)

Select the appropriate value for the diffuse reflection coefficient

from paragraph 7.1.3, giving P, versus frequency.

d

Determine the number of scatterers, ¢, for each of the (diffuse)

reflecting segments from

_ 23
° = Toox , (23)
where L is the length of the illuminated segment.
Calculate the total diffuse scattered power, Ef, from
2 1§ % 2 24
El = ) 2 (pd E ). . (
k=1 ]:1 ) Kk
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8.2 --Continued

k. Compute the distribution of the amplitude of the field at the receiver,
R(P), as in the original model, but use the Equation (24) value for
B £ _ E
E1 and change R from R = 20 loglO Eo te

R = 20 loglo = - . (25)

lE +p E l©
0} s o

*

ls Subtract R (P) from Lelff to find the LOS propagation loss, L (P).
. 4
L(P) = L . - R(P)
L(P) = 36.6 + 20 loglo dmi + 20 IOgIOfmc - GT - GR +D
E, (26)
+ 20 log — - R(P)
WIE 4+ o E &
S
*
E
T
L= 20 log s
8 E
where
ET = amplitude of the transmitted field
E = amplitude of the received field.
Then
E E E E
T 0 T 0
L = ZOlogT'-E— :2010g?+2010g—E—
) )
. Jo
= 2010,(;:532+2010gEg . IEO ' psEoe l
Eo E IE +P E e](pl
0 s’ o
E E
T 0 E
- 20 log ==+ 20 log — - 20 log -
E je jo
0 |E0+pSEoe l |Eo+psEoe
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8.2 --Continued

L - L. +20log e ____R
eff +pEe]m|

Leff -

-65-




EDL-M878

Section 9

CONCLUSIONS AND RECOMMENDATIONS

An extensive series of experiments have been conducted to gain more
information on LOS scattering so the model might more accurately describe this
phenomenon. A number of paths of varying irregularity, roughness, and vegetation
cover have been studied to determine the effects of these parameters on path loss
and magnitude of reflection coefficient. Frequencies considered have ranged from
100 Mc to 10,000 Mc, with both horizontal and vertical polarization employed.

The experiments have shown (1) that specular reflection must be incor-
porated into the model at all frequencies and (2) that the magnitude of the specular
reflection coefficient and the diffuse reflection coefficient exhibit frequency depend-
ence. At frequencies ahove 500 Mc, this frequency variation results in magnitude
ranges of approximately 0.20 to 0.40 for both reflection coefficients. For frequen-
cies below 500 Mc, the specular reflection coefficient may range from as low as

0. 20 to approximately unity.

The experiments have also indicated that propagation loss above effective
free-space loss is independent of path length and decreases with increasing frequency
above 300 Mc. For most measurements made at frequencies above 3000 Mc, the
average loss, irrespective of path, was less than that predicted for effective free-
space propagation. The causes of the excessive loss at 300 Mc, again independent
of path, should be investigated further.

The line-of-sight (LOS) propagation 1model was modified to more accurately
reflect the effects of the two scattering modes, specular and diffuse, in determining
loss over rough and irregular terrain where only segments of the surface are

illuminated.

At frequencies below 300 Mc, specular reflection is the predominant mode
of scattering, and geometrical means are used to predict signal strength at the
receiver. The occurrence of fades, resulting in variation of 10 to 20 db, cannot be

predicted with this model and will require additional study.
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9. --Continued.

In the frequeney range 750 to 20,000 Mc, speeular and diffuse reflections
are present, and a combination of geometrical and statistieal methods are used to
predict the field at the receiver. The magnitudes of the fades are mueh less at
these frequencies,and consequently, the absence of a mechanism to prediet the fading

rate does not limit the use of the model.

The frequency riange 300 to 750 Mc, unexplored in the present experi-
mental program, provides the greatest uncertainty in the model. The midway point
in this region was arbitrarily chosen as the ehangeover point from one mode to the
other. It is reeommended that an extensive study of reflection at these frequencies

take place in future experimental programs.
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